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3.1. Influence of flatwise indentation 
7KHHDVLHVWZD\WRPHDVXUHWKHORDGvsPLGVSDQGLVSODFHPHQWFXUYHLQD73%VHWXSLVE\DFTXLULQJWKHVLJQDOVRI
148   Antonio Mancuso et al. /  Procedia Engineering  109 ( 2015 )  144 – 153 
WKHORDGFHOODQGWKHFURVVKHDGGLVSODFHPHQWWUDQVGXFHURIWKHWHVWLQJPDFKLQH7KHFURVVKHDGGLVSODFHPHQWSURYLGHV
WKHPHDVXUHPHQWDWWKHSRLQWRIFRQWDFWRIWKHVDPSOHZLWKWKHQRVHRIWKHPRYDEOHDQYLODWPLGVSDQ7KLVPHDVXUHG
GLVSODFHPHQWDGGVXSWRWKHIOH[XUDODQGVKHDUGHIOHFWLRQVDOVRDORFDOLQGHQWDWLRQFRPSRQHQW7KLVLQGHQWDWLRQLVLQ
SDUWLFXODUPRUHUHOHYDQWIRUVNLQVZLWKORZIOH[XUDOULJLGLW\DQGFRUHVZLWKORZFRPSUHVVLRQVWLIIQHVV
2QHSURFHGXUHWRUHGXFHWKLVHUURULVSURSRVHGKHUHEDVHGRQWKHORDGvs LQGHQWDWLRQGLVSODFHPHQWVROXWLRQDYDLODEOH
LQWKHOLWHUDWXUHIRUWKHHDVLHUFDVHRIDEHDPDWWDFKHGWRDRQHSDUDPHWHUHODVWLFDQGIXOO\EDFNHG:LQNOHUIRXQGDWLRQ
>@$VFKHPHRIWKHWRWDOPLGVSDQGHIOHFWLRQDQGWKHWKUHHFRQWULEXWLRQVRIEHQGLQJVKHDUDQGHODVWLFLQGHQWDWLRQLV
VKRZQLQ)LJ%\OLPLWLQJWKHREVHUYDWLRQZLWKLQWKHUDQJHRIOLQHDUHODVWLFEHKDYLRXURIWKHFRUHPDWHULDODQGVNLQ
IDFLQJWKHHTXDWLRQSURYLGLQJWKHLQGHQWDWLRQGLVSODFHPHQWLV>@

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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ZKHUHWKHFRQVWDQWHODVWLFFRPSOLDQFHWHUPIURP(TDFFRXQWLQJIRULQGHQWDWLRQLVVXEWUDFWHGWRWKHH[SHULPHQWDOO\
PHDVXUHGJOREDOFRPSOLDQFHWHUP'P7KHLQGHQWDWLRQGLVSODFHPHQWLVDOVRLQFUHPHQWHGE\DIDFWRUWRDFFRXQWIRU
WKHLQGHQWDWLRQRQWKHODWHUDOVXSSRUWVSDQVZKLFKFDQEHH[SUHVVHGE\(TEXWZLWKDORDGWKDWLVKDOIWKHYDOXHRI
WKHPLGVSDQORDG
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




)LJ6FKHPHRIGHIOHFWLRQFRPSRQHQWVDWWKHPLGVSDQORDGLQJSRLQWRID73%WHVW
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([SHULPHQWDOUHVXOWV
7HQVLOHWHVWVRQPRQROLWKLFVDPSOHVDQGIODWZLVHFRPSUHVVLRQWHVWVRQVDQGZLFKVTXDUHVDPSOHVKDYHEHHQFDUULHG
RXWRQDVHUYRK\GUDXOLF076WHVWLQJPDFKLQHHTXLSSHGDZLWKORDGFHOORIN1'HIRUPDWLRQLQWHQVLOHWHVWV
ZDVPHDVXUHGE\WZR+%0''H[WHQVRPHWHUVUHVWLQJRQWKHWZRRSSRVLWHVLGHIDFHVRIWKHVDPSOHZLWKJDXJHOHQJWK
PP73%VDQGZLFKEHDPVKDYHEHHQFDUULHGRXWRQDQHOHFWURPHFKDQLFDO,QVWURQWHVWLQJPDFKLQHHTXLSSHG
ZLWKDN1ORDGFHOO
4.1. Tensile behavior of sandwich skin faces 
)LJXUHDVKRZVVRPHW\SLFDOVWUHVVvsVWUDLQFXUYHVPHDVXUHGRQWKHWKUHHPDWHULDOV$OORIWKHPVKRZD\LHOGNQHH
DWDURXQG·03DDIWHUZKLFKDVLJQLILFDQWFKDQJHRIVORSHRFFXUVDOWKRXJKOLQHDULW\LVUHJDLQHGLQWKHSRVWHODVWLF
]RQH6XFKHDUO\\LHOGNQHH LV VRPHZKDW W\SLFDORI IOD[\DUQV DV LW KDVEHHQREVHUYHGE\D IHZRWKHU DXWKRUV IRU
XQLGLUHFWLRQDOIOD[WKHUPRVHWODPLQDWHV>@2QHH[SODQDWLRQRIWKLVSHFXOLDUEHKDYLRXULQYROYHVWKHLQIOXHQFHRI
W\SLFDO ORFDOLVHGGHIHFWVDORQJIOD[ILEUHVXVXDOO\UHIHUUHG WRDV³QRGHV´RU³NLQNEDQGV´>@7KHVHDFWLYDWH ORFDO
ILEUHPDWUL[GHERQGLQJSKHQRPHQDDWORZVWUHVVOHYHOVDQGEHKDYHDVORFDOPRUHFRPSOLDQWSRUWLRQVRIWKHILEUHZKLFK
WKHQWHQGWREHKDYHDVLIFRPSRVHGE\DVXFFHVVLRQRIOLQNHGVKRUWILEUHV7KLVHYHQWXDOO\UHVXOWVLQDPDFURVFRSLF
RYHUDOOLQFUHDVHRIFRPSOLDQFHDIWHURQVHWRI\LHOGLQJ>@
9DOXHVRIWKHORQJLWXGLQDO<RXQJ¶VPRGXOXVEHIRUHWKH\LHOGSRLQWLHZLWKLQWKHILUVWOLQHDUHODVWLFUHJLRQDUHJLYHQ
LQWDEOHIRUWKHWKUHHPDQXIDFWXUHGODPLQDWHV

D E
)LJD7HQVLOHVWUHVVvsVWUDLQFXUYHVE)ODWZLVHFRPSUHVVLYHVWUHVVvsVWUDLQFXUYHVRIVDQGZLFKVDPSOHV
4.2.  Flatwise compression 
6TXDUHîPPVDQGZLFKVDPSOHVZHUHFXWIURPWKHEHDPVDPSOHVDIWHUIOH[XUDOWHVWVDQGWHVWHGXQGHUIODWZLVH
FRPSUHVVLRQ &DUH ZDV WDNHQ LQ RUGHU WR FXW SRUWLRQV RI WKH EHDP VDPSOHV ZLWKRXW DQ\ SHUPDQHQW GDPDJH RU
GHIRUPDWLRQIURPSUHYLRXVWHVWLQJ%RWKPRQRWRQLFDQGF\FOLFWHVWVZHUHSHUIRUPHG,QSDUWLFXODUWKHF\FOLFORDGKLVWRU\
FRQVLVWHGLQWKHVXFFHVVLYHDSSOLFDWLRQRIWKUHHVHULHVRIWKUHHORDGLQJXQORDGLQJF\FOHVLQORDGFRQWURODWWKHFRQVWDQW
VSHHGRI1VHF7KHILUVWVHULHVF\FOHGEHWZHHQDQG1WKHVHFRQGEHWZHHQDQG1DQGWKHWKLUGEHWZHHQ
DQG17KHPHDVXUHGQRPLQDOVWUHVVvsVWUDLQFXUYHVIRUWKHWKUHHVDQGZLFKW\SHVDUHVKRZQLQILJE9DOXHV
RI WKH<RXQJ¶VPRGXOXV LQ IODWZLVHFRPSUHVVLRQRI WKHZKROHVDQGZLFKDVVHPEO\PHDVXUHGZLWKLQ WKH ILUVW OLQHDU
HODVWLFUHJLRQDUHJLYHQLQWDEOH
4.3. Flexural behavior: stiffness 
9DOXHVRIWKHVDQGZLFKIOH[XUDOVWLIIQHVVDDQGVKHDUVWLIIQHVVUREWDLQHGE\WKHOLQHDUUHJUHVVLRQSURFHGXUHRI(T
DQGQRUPDOLVHGE\WKHVDQGZLFKEHDPVZLGWKbZKRVHQRPLQDOYDOXHLVPPDUHUHSRUWHGLQWDEOH
,WLVQRWHZRUWK\WRREVHUYHWKDWWKH+/KLJKHUIOH[XUDOVWLIIQHVVLVPDLQO\GXHWRWKHWKLFNHUVNLQVGHWHUPLQHGE\D
ORZHUILEUHYROXPHIUDFWLRQEHLQJWKHOD\XSWKHVDPHLQDOOSDQHOV7KHLQFUHPHQWRIWKLFNQHVVLQWKHVDQGZLFKGXH
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WRDORZHUILEUHYROXPHIUDFWLRQKDVDSUHGRPLQDQWHIIHFWRQDZLWKUHVSHFWWRLQFUHPHQWVLQWKHVNLQVDQGFRUH<RXQJ¶V
PRGXOHV
6RPHPRUHPDUNHGGLIIHUHQFHVEHWZHHQWKHWKUHHVDQGZLFKHVDUHREVHUYHGUHJDUGLQJWKHLUVKHDUULJLGLW\U,QWKLV
FDVHWKHWUHQGIRUUVHHPVWRFRUUHODWHZHOOWKHDPRXQWRIUHVLQVRDNHGE\WKHFRUHVHHWDEOH7KH5,SDQHOKDVWKH
KLJKHVWVKHDUULJLGLW\PRUHWKDQWZLFHWKH+/DQGWKHKLJKHVWLQFUHDVHLQFRUNFRUHZHLJKW

)LJ/LQHDUUHJUHVVLRQSRLQWVRI(TVDQGIRUDQ+/VDQGZLFK

7DEOH0HDVXUHGYDOXHVRIVWLIIQHVVIRUVNLQVFRUHDQGVDQGZLFK
EHDPV
 +/ 5, 9%
Eskin>*3D@   
Ecore >03D@   
Db>1āP@   
Ub>1PP@   


7KHSURFHGXUHRXWOLQHGLQVHFWLRQDLPHGDWFRQVLGHULQJWKHSRWHQWLDOLQIOXHQFHRILQGHQWDWLRQRQWKHVWLIIQHVV
FKDUDFWHUL]DWLRQKDVEHHQIRXQGWRSURYLGHVRPHPHDQLQJIXOUHVXOWVIRUWKH+/VDQGZLFK,QIDFWWKH+/LVPRUHSURQH
WRGHYHORSHDUO\LQGHQWDWLRQGXHWRWKHVLJQLILFDQWO\ORZHUFRUHFRPSUHVVLRQVWLIIQHVV5HVXOWVIURPFRPSDULQJWKHWZR
OLQHDUUHJUHVVLRQSURFHGXUHVWKHFODVVLFRQHRI(TDQGWKHQHZRQHRI(TDUHVXPPDUL]HGLQ7DEOH+HUH
WZR+/EHDPVDPSOHVKDYHEHHQDQDO\]HG(DFKVDPSOHLVWHVWHGWZLFHZLWKWKHVHFRQGWHVWSHUIRUPHGZLWKWKHVDPSOH
IOLSSHGXSVLGHGRZQ6LQFH WKHVDQGZLFKLVQRPLQDOO\V\PPHWULF WKH WKHRUHWLFDOYDOXHRID IURP(TGRHVQRW
GHSHQGRQWKHIDFHVSRVLWLRQLQWKHWHVWLQJULJ

7DEOH+/EHDPVDQGZLFKFRPSDULVRQRIUHVXOWV
 EHDP EHDPIOLSSHG EHDP EHDPIOLSSHG $YJVWGHY
&RUUHODWLRQFRHIILFLHQW R2 (T     
&RUUHODWLRQFRHIILFLHQW R2 (T     
Db(T>1āP@     
Db(T>1āP@     
Db(T>1āP@     
Ub(T>1PP@     
Ub(T>1PP@     

)LJXUHVKRZVDQH[DPSOHRIWKHOLQHDUUHJUHVVLRQSRLQWVRI(TDQG(TIRUDQ+/VDPSOH,WLVREVHUYHGLQ
SDUWLFXODUWKDWWKHOLQHLQWHUSRODWLQJWKHSRLQWVRI(TLVVWHHSHU7KLVEHKDYLRULVIRXQGLQDOOWKHDQDO\]HGGDWDVHWV
DQGLVGHWHUPLQHGE\WKHIDFWWKDWWKHFRUUHFWLRQIRUWKHLQGHQWDWLRQWHUPLVELJJHUDWORZVSDQV$FRQVHTXHQFHLVWKDW
WKHOLQHDUUHJUHVVLRQSURFHGXUHRI(TSURYLGHVDVPDOOHUYDOXHRIIOH[XUDOVWLIIQHVVDDQGDKLJKHUYDOXHRIVKHDU
VWLIIQHVVU FRPSDUHG WR QHJOHFWLQJ WKH LQGHQWDWLRQ FRUUHFWLRQ LH XVLQJ (T  5HVXOWV LQ WDEOH  VKRZ WKDW WKH
FRUUHODWLRQFRHIILFLHQWR2LVYHU\JRRGIRUERWKOLQHDUUHJUHVVLRQV\HWVOLJKWO\KLJKHUIRU(T$PRUHVLJQLILFDQW
RXWFRPHLVWKDWWKHYDOXHVRIDSUHGLFWHGE\(TDUHPXFKFORVHUWRWKHYDOXHVIURP(TWKDQWKRVHIRXQGZLWK
(T$QRWKHULQWHUHVWLQJUHVXOWLVWKDWWKHVKHDUULJLGLW\UVHHPVWRFKDQJHPRUHWKDQDLQUHODWLYHWHUPVZKHQ
XVLQJWKHPRGLILHGOLQHDUUHJUHVVLRQRI(T$SRWHQWLDOFRQFOXVLRQLVWKHQWKDW WKHORFDO LQGHQWDWLRQKDVDPRUH
PDUNHGLQIOXHQFHRQWKHHYDOXDWLRQRIWKHVKHDUULJLGLW\ZKLFKLVKLJKHUWKDQWKDWHYDOXDWHGE\QRWWDNLQJLQWRDFFRXQW
LQGHQWDWLRQDWWKHORDGLQJSRLQWV
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4.4. Flexural behavior: strength 
7KHIDLOXUHEHKDYLRXULQ73%ZDVLQYHVWLJDWHGZLWKVSDQPPDQGKHQFHDQRPLQDOYDOXHRISd§ 
DQGZLWK6 PPSd§7KHORDGvsPLGVSDQGLVSODFHPHQWFXUYHVIRUWKHWZRVSDQVDUHVKRZQLQ)LJ,WLV
REVHUYHG WKDW HDFK VDQGZLFK W\SH LV UHSRUWHG WZLFH ZLWK WKH VHFRQG VDPSOH WHVWHG E\ FKDQJLQJ WKH VNLQ IDFH LQ
FRPSUHVVLRQ7KH5,DQG9%VDPSOHVLQSDUWLFXODUHYLGHQFHGVRPHGLIIHUHQFHVLQWHUPVRIIDLOXUHORDGGHSHQGLQJRI
ZKLFK IDFH LV ORDGHG LQ FRPSUHVVLRQ ,W ZDV REVHUYHG LQ SDUWLFXODU WKDW WKH KLJKHU ORDGV DUH REWDLQHG ZKHQ WKH
FRPSUHVVHGIDFHLVWKHRQHWKDWUHVWHGDJDLQVWWKHPRXOGGXULQJWKHVDQGZLFKPDQXIDFWXULQJ$OWKRXJKLWZDVGLIILFXOW
WRWDNHDSUHFLVHPHDVXUHRIWKHWKLFNQHVVRIWKHWZRVNLQVLWLVEHOLHYHGWKDWWKHVNLQUHVWLQJDJDLQVWWKHPRXOGPLJKW
KDYHGHYHORSHGDVOLJKWO\KLJKHU WKLFNQHVVGXH WRDKLJKHUDPRXQWRIUHVLQH[WUDFWLRQRFFXUULQJRQ WKHVLGHRI WKH
YDFXXPEDJ7KHPD[LPXPIDLOXUHORDGIRUERWKVSDQYDOXHVRFFXUUHGDWWKHRQVHWRILQGHQWDWLRQRIWKHORDGLQJQRVH
RQWRWKHFRUNFRUH+HQFHZKHQWKHXSSHUIDFHLVWKHWKLFNHUVNLQLQGHQWLRQUHTXLUHVDKLJKHUORDGWRRQVHW)LJXUH
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5HJDUGOHVVRIWKHQRQV\PPHWULFDOEHKDYLRXUFRPPHQWHGEHIRUHLWLVQRWHZRUWK\KRZWKH5,VDQGZLFKUHDFKHGWKH
KLJKHUIDLOXUHVWUHVVHVZKLOHWKH+/VDQGZLFKKDVWKHORZHUYDOXHV7KHDELOLW\RIWKH5,WRUHVLVWPRUHWRWKHRQVHWRI
LQGHQWDWLRQLVSUREDEO\FRUUHODWHGZLWKWKHKLJKHUDPRXQWRIUHVLQVRDNHGLQWRWKHFRUHZKLFKPDNHVWKLVVDQGZLFK
EHDPDERXWWZLFHPRUHUHVLVWDQWWKDQ+/
,W LV ILQDOO\ HYLGHQFHG KRZ WKHPD[LPXP VWUHVVHVVmax LQ7DEOH  DUH XVXDOO\ KLJKHU WKDQ 03DZKLFKZDV
LQGLFDWHGDVWKH\LHOGSRLQWLQWKHWHQVLOHWHVWVRQXQLGLUHFWLRQDOIOD[UHLQIRUFHGPRQROLWKLFODPLQDWHVVHH)LJD7KH
73%FXUYHVEHFDPHQRQOLQHDUZLWKLQFUHDVLQJORDGEXWGRQRWHYLGHQFHDVXGGHQFKDQJHRIVORSH,WLVWKRXJKOLNHO\
WKDWWKHRQVHWRIQRQOLQHDUEHKDYLRXULVVRPHZKDWIDYRXUHGE\WKHQRQOLQHDUWUDQVLWLRQEHWZHHQWKHILUVWHODVWLFDQG
WKHVHFRQGSRVWHODVWLFOLQHDUVHJPHQWVREVHUYHGLQWKHWHQVLOHFXUYHVRIPRQROLWKLFVDPSOHV
7DEOH$YHUDJHYDOXHVRIVmaxDQGWmaxGHILQHGE\(TDWPD[LPXPORDG>03D@
 6SDQ
>PP@ +/
WKLFNHUVNLQFRPSUHVVHG WKLQQHUVNLQFRPSUHVVHG
 5, 9% 5, 9%
Vmax      
Wmax      
Vmax      
Wmax      
&RQFOXVLRQV
,QWKLVZRUNDJUHHQVDQGZLFKFRQFHSWKDVEHHQFRQVLGHUHGHPSOR\LQJDQDJJORPHUDWHGFRUNFRUHDQGXQLGLUHFWLRQDO
)OD[UHLQIRUFHGHSR[\VNLQIDFLQJV$OOWKHFRQVWLWXHQWPDWHULDOVXVHGDUHDYDLODEOHLQWKHPDUNHW%RWKPRQROLWKLFDQG
VDQGZLFKSDQHOVKDYHEHHQPDQXIDFWXUHGE\ LPSOHPHQWLQJ WKUHHGLIIHUHQW WHFKQLTXHV+DQG/D\XS+/9DFXXP
%DJJLQJ9%DQG5HVLQ,QIXVLRQ5,7KHWKUHHWHFKQLTXHVKDYHEHHQIRXQGWRSURYLGHVRPHGLIIHUHQFHVLQWKHWHQVLOH
EHKDYLRURIWKHPRQROLWKLFODPLQDWHVDQGWKHIOH[XUDOEHKDYLRURIEHDPVDQGZLFKHV,QSDUWLFXODUWKHVHGLIIHUHQFHVDULVH
GXHWRWKHGLIIHUHQWILEHUYROXPHIUDFWLRQVKLJKHUIRU9%DQGGLIIHUHQWDPRXQWVRIUHVLQVRDNHGLQWRWKHFRUNFRUH
KLJKHUIRU5,7KLVODVWLQSDUWLFXODUDOWKRXJKJLYLQJDZHLJKWSHQDOW\GXHWRWKHKLJKHUGHQVLW\RIWKHILQDOVDQGZLFK
KDVEHHQIRXQGWREHKLJKO\EHQHILFLDOLQWHUPVRIVKHDUULJLGLW\DQGIOH[XUDOVWUHQJWK
7KHZRUNKDVDOVRFRQILUPHGWKHSUHVHQFHRIDELOLQHDUWHQVLOHEHKDYLRURIWKHXQLGLUHFWLRQDOIOD[UHLQIRUFHGODPLQDWH
ZLWKWKHRQVHWRIDQHDUO\\LHOGSRLQWSUREDEO\LQGXFHGE\WKHW\SLFDO³NLQNEDQG´GHIHFWVSUHVHQWLQIOD[ILEHUV7KLV
HDUO\\LHOGVWUHVVKDVQRWLQIOXHQFHGWKHVWLIIQHVVFKDUDFWHUL]DWLRQRIWKHVDQGZLFKGXHWRWKHORZORDGVQHHGHGIRUWKLV
HODVWLF FKDUDFWHUL]DWLRQ$Q LQIOXHQFH LV LQVWHDG OLNHO\ WR RFFXU LQ WKHPDUNHG QRQOLQHDU EHKDYLRU REVHUYHG LQ WKH
VDQGZLFK7KUHH3RLQW%HQGLQJFXUYHVQHDUWKHRQVHWRIIDLOXUH
7KHSUHVHQWZRUNDOVRKDVSURSRVHGDSURFHGXUHWRHYDOXDWHWKHIOH[XUDOEHKDYLRURIVDQGZLFKEHDPVWKDWLVDEOHWR
GHFRXSOH WKH LQIOXHQFHRIEHQGLQJ VKHDUDQG ORFDO LQGHQWDWLRQDW WKH ORDGLQJSRLQWV5HJDUGLQJ LQGHQWDWLRQ WKLV LV
REWDLQHGE\FRQVLGHULQJWKHOLQHDUHODVWLFUHODWLRQVKLSEHWZHHQORDGDQGGLVSODFHPHQWLQDIDFLQJDWWDFKHGWRDRQH
SDUDPHWHU:LQNOHUW\SHIXOO\EDFNHGIRXQGDWLRQ7KLVUHODWLRQVKLSLVLQSDUWLFXODULQWHJUDWHGLQWRWKHJHQHUDOORDGvs
PLGVSDQGLVSODFHPHQWUHODWLRQVKLSRID7KUHH3RLQW%HQGLQJVHWXSDQGGHFRXSOLQJLVILQDOO\DFKLHYHGE\SHUIRUPLQJ
WHVWVDWGLIIHUHQWVSDQOHQJWKV7KHQRYHOSURFHGXUHKDVEHHQLPSOHPHQWHGZLWKVRPHLQWHUHVWLQJRXWFRPHVLQWKHFDVH
RIWKH+/VDQGZLFKEHDPVLQGLFDWLQJWKDWQHJOHFWLQJORFDOLQGHQWDWLRQPLJKWUHVXOWVLQDVLJQLILFDQWXQGHUHVWLPDWLRQ
RIWKHVKHDUULJLGLW\DQGDQRYHUHVWLPDWLRQRIWKHIOH[XUDOULJLGLW\
$FNQRZOHGJHPHQWV
7KH DXWKRUVZRXOG OLNH WR WKDQN0U )UDQFHVFR &DUDEHOOz DQG0U 6DOYDWRUH 9DOHQWL IRU WKHLU KHOS GXULQJ WKH
SUHSDUDWLRQDQGWHVWLQJRIVDPSOHVWKHUHFWRURIWKH8QLYHUVLW\RI3DOHUPR3URI5REHUWR/DJDOODIRUVXSSRUWLQJWKH
DFWLYLWLHVRIWKH=\]6DOLQJWHDPVHH)LJDQGWKHFRPSDQ\$PRULP&RUN&RPSRVLWHV$&&3RUWXJDOIRUNLQGO\
VXSSO\LQJWKHFRUNPDWHULDOWHVWHGLQWKLVZRUN
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